For almost 50 y, the Life Span Study cohort of atomic bomb survivor studies has been the primary source of the quantitative estimates of cancer and non-cancer risks that form the basis of international radiation protection standards. However, the long-term follow-up and extensive individual dose reconstruction for the Russian Mayak worker cohort (MWC) and Techa River cohort (TRC) are providing quantitative information about radiation effects on cancer risks that complement the atomic bomb survivor-based risk estimates. The MWC, which includes~26 000 men and women who began working at Mayak between 1948 and 1982, is the primary source for estimates of the effects of plutonium on cancer risks and also provides information on the effects of low-dose rate external gamma exposures. The TRC consists of~30 000 men and women of all ages who received low-dose-rate, low-dose exposures as a consequence of Mayak's release of radioactive material into the Techa River. The TRC data are of interest because the exposures are broadly similar to those experienced by populations exposed as a consequence of nuclear accidents such as Chernobyl. In this presentation, it is described the strengths and limitations of these three cohorts, outline and compare recent solid cancer and leukemia risk estimates and discussed why information from the Mayak and Techa River studies might play a role in the development and refinement of the radiation risk estimates that form the basis for radiation protection standards.
INTRODUCTION
A few years after the Chernobyl accident, Soviet/ Russian Federation researchers were allowed to meet with radiation researchers in other countries to describe and discuss the populations exposed as a consequence of the operation of the Mayak Production Association (Mayak) located near the formerly secret and (still) closed city of Ozyorsk in the Southern Urals. From the initial contacts with researchers in Japan, the USA and various countries in the European Union, scientists around the world learned of the large occupational exposures to inhaled plutonium and to gamma rays received by Mayak workers, especially those employed during the early years , the exposure of almost 30 000 people living in villages and towns along the Techa River as a consequence of releases of radioactive material from Mayak into the river during the 1950s (particularly 1950 through 1953), and about 24 000 people resident in villages that were heavily contaminated as a result of the Kyshtym accident in late September 1957 in which the explosion of a waste storage tank at Mayak resulted in the release of radioactive material that contaminated a large area in the vicinity of Mayak in what is known as the East Urals Radioactive Trace (EURT). These initial contacts also revealed the existence of small groups of skilled Russian scientists who had been involved in dose reconstruction/ estimation and in the development of and follow-up of large, well-defined cohorts of workers and members of the public with significant radiation exposures resulting from Mayak operations. The status of the studies in the early 1990s, before large-scale international involvement, was described in a series of articles (1) (2) (3) (4) (5) (6) (7) (8) (9) . By the early 1990s, there were a number of major efforts to develop quantitative estimates of radiation effects on cancer risk as a basis for the development of radiation protection standards. These included work by UNSCEAR (10) , the ICRP (11) and the US National Academy of Sciences Committee on the Biological Effects of Ionizing Radiation (12) . A common feature of these reports and, to a large extent, their most recent updates (13) (14) (15) , is that the quantitative risk estimates are largely based on results from the Life Span Study (LSS) of survivors of the atomic bombings of Hiroshima and Nagasaki. Because of its large size (~120 000 people including almost 90 000 survivors with known dose), long-term follow-up (approaching 65 y), and comprehensive mortality and cancer incidence data, it is understandable that the LSS plays a major role in risk assessment. However, there have long been questions as to the adequacy of the experience of a Japanese population with acute low-linear energy transfer (LET) exposures as the primary basis for the development of radiation protection standards.
As people became aware of the populations exposed as a consequence of Mayak operations, the nature of the doses, and the solid groundwork done to develop dose estimates, establish cohorts and develop follow-up procedures that had been carried out by Russian scientists, a number of international collaborations developed to support and extend these studies. Early support involved work with scientists from Japan, Germany and then the USA. These early efforts laid the groundwork for longterm large-scale collaborations between the Southern Urals Biophysics Institute (SUBI) (for studies of Mayak workers) and the Urals Research Center for Radiation Medicine (URCRM) (for studies of the Techa River and, to lesser extent, EURT populations) with the U.S. National Cancer Institute, the U.S. Department of Energy (Joint Coordinating Committee for Radiation Effects Research or JCCRER) and the European Commission (SOUL and SOLO Programmes).
After almost 25 y of joint effort, the amount of information available and the quality of these studies continue to improve. There have now been hundreds of peer-reviewed publications on dosimetry for and risk estimation in the Mayak worker cohort (MWC) and Techa River cohort (TRC). The quantitative information on cancer risks from the Mayak and Techa River studies is an important complement to the LSS-based risk estimates. In this note, recent risk estimates are compared for solid cancers and leukemia in the MWC and TRC with those for the LSS. While the primary focus concerns the effects of doses arising from low-LET exposures (gamma rays in the Mayak workers and gamma rays and beta particles in the TRC), a brief comment is also included on lung cancer risks from plutonium (high-LET) exposures.
METHODS
Comparison of LSS risk estimates to those from other studies are a common feature of papers on radiation risk estimates derived from population studies. In most cases, these comparisons are simple comparison of a published estimate from the LSS with the result for the same or a similar outcome in the population of interest. Such comparisons may be of some use, but they must be interpreted with caution. Analyses of the LSS data make it clear that radiation effects cannot be summarized by a single number since the radiation-associated risks for most cancers in the LSS vary with sex and some combination of attained age, age at exposure and time-since-exposure along with other factors. This variability has been explored in various LSS-related publications, including those used as the basis of the comparisons presented below (16) (17) (18) . However, since the data for major LSS publications are available from the Radiation Effect Research Foundation (see http://www.rerf.jp/library/dl_e/index. html), it is possible to carry out analyses of the LSS data that provide risk estimates that are more suitable for comparison to those observed among Mayak workers and residents of Techa riverside villages in terms of sex and age distributions.
The MWC consists largely of adults who largely began working at Mayak between the ages of 18 and 40 with a mean age at employment of about 25 y. About three-quarters of the MWC members were men. In the LSS,~40% of the cohort members were children at the time of exposure and~60% of the cohort members are women. The mean age at the end of follow-up was about 60 y for men and 69 y for women. Therefore, the LSS estimates compared to MWC estimates presented in this note were based on that portion of the LSS who were exposed between the ages of 20 and 39. Summary rates were scaled to attained age 65 following exposure at age 25. Sex-averaged LSS risk estimates were computed using weights of 0.25 for women and 0.75 for men. The LSS solid cancer mortality risk estimates are based on the data used in Ozasa et al. (16) . which were downloaded from http://www.rerf.jp/library/dl_ e/lss14.html. The LSS data from Hsu et al. (18) downloaded from http://www.rerf.jp/library/dl_e/lsshempy. html were used for the leukemia comparisons.
The composition of the TRC is quite similar to the LSS with~40% of the cohort members initially exposed before age 20 and 60% of the cohort members are women (reflecting a deficit of adult men in the cohort). The mean age at the time of initial exposure was~25. The mean ages at death for men and women are 62 and 72, respectively. The full LSS was used in developing risk estimates to be compared to the TRC. LSS solid cancer and lung risk estimates were scaled to attained age 65 following exposure at age 30 with sex-averaged risk estimates computed using weights of 0.4 for men and 0.6 for women. Since the average age at death from leukemia in the MWC was 54, LSS leukemia risk estimates were scaled to age 55 following exposure at age 25. Table 1 summarizes some basic characteristics of the cohorts used in the comparisons presented in this paper.
While it is customary (and generally reasonable) to present LSS risk estimates at 1 Gy, lower dose risks, particularly those at doses of~100 mGy are of greater interest for radiation protection and more directly relevant to the exposures in these cohorts (especially the TRC) so it is focused on risks at 100 mGy in this note.
The results presented below were based on comparing point estimates and confidence bounds rather than on a formal joint analysis of the data from the different cohorts.
RESULTS

Mayak workers
Because of the plutonium exposures, solid cancer risk estimates for Mayak workers are considered separately for organs with potential for significant plutonium exposure (lung, liver and bone surface) (19, 20) , other solid cancers (21) . For this note, risks associated with gamma exposures were considered for solid cancers other than lung, liver and bone surface as a group, for lung cancer, and for leukemia other than chronic lymphocytic leukemia (CLL). The comparisons are summarized in Table 2 .
Mayak solid cancer and lung cancer risk estimates from gamma exposure tend to be lower than roughly comparable risks in the LSS by a factor of 2 or 3. The Mayak leukemia risks at age 55 are considerably lower (by a factor of 5-10) than the LSS risk estimates. For both lung cancer and leukemia, the risks vary to some extent depending on the whether or not the estimates were based on all of the data or the subset of the LSS who were exposed between the ages of 20 and 39.
The most recent estimates of the excess relative risk (ERR) per Gy for lung cancer associated with plutonium exposure in the MWC are 7.4 (95% CI: 5.0; 11) for men and 24 (95% CI: 11; 56) for women. The male estimate is~20 times external dose ERR/Gy estimate in the MWC while the plutonium risk estimate for women is~100 times the external dose risk estimate. The LSS does not provide plutonium risk estimates, but the sex-specific ratios of the MWC plutonium risk to the scaled LSS gamma dose risk estimates for lung cancer are~28 for both men and women using the scaled sex-specific LSS ERR/Gy estimates based on people exposed between the ages of 20 and 39 and 12 for men and 20 for women when using the scaled survivor estimates based on the full LSS cohort.
Techa River cohort
While people living on the Techa River received both internal and external exposures, the soft tissue exposures were primarily the result of exposure to gamma rays from either flood plain soils (external) or ingested Cs137 (internal exposure). Bone marrow dose was the result of both gamma rays and beta particles arising primarily from ingested Sr90 and Sr89 deposited in bone. Therefore, as has been done in all published reports on radiation effects in the TRC, total (internal plus external) dose was used in the analyses summarized here. For this note, three outcomes were considered. Total solid cancer mortality, total solid cancer incidence and the incidence of leukemia other than CLL. The comparisons of risk estimates for these groups of sites are presented in Table 3 . As noted above, the LSS risk estimates are based on the full cohort scaled to match the typical age at death/diagnosis and age at initial exposure in the TRC. The TRC risk estimates given here are from the most recent published analyses of the cohort data: solid cancer mortality for the period from 1950 through 2007 (22) ; solid cancer incidence for the period from 1956 through 2007 (23) and leukemia incidence for the period from 1953 through 2007 (24) .
In terms of the summary statistics presented in Table 3 , total solid cancer and non-CLL leukemia risk estimates for the TRC are comparable to, or perhaps even lightly greater than, those seen in the LSS. These comparisons must be interpreted with some caution since it is possible that temporal patterns in ERR's for the TRC differ from those in the atomic bomb survivors. In the survivor cohort, solid cancer risk ERR estimates decrease with increasing attained age and with increasing age at exposure. Not surprisingly, due to the limited power of the TRC data, there is no statistically significant variability in the solid cancer ERR's with either attained age or age at which doses were received. However, the point estimates of these effects were fairly large and, in the case of attained age, in the opposite direction (i.e. increasing with increasing attained age) to that seen in the LSS.
DISCUSSION
The simple comparisons of solid cancer and leukemia ERR estimates in the MRC and TRC to recent LSS estimates presented in this note suggest that while the risk per unit dose increases seen in members of the TRC members are generally comparable to those seen in the atomic bomb survivors, Mayak workers appear to have somewhat lower risks per unit dose than either the atomic bomb survivors or TRC members. The reasons for these differences are unclear. Gamma dose estimates for Mayak workers are based on film badge readings while Techa River dose estimates are based on a complex dose reconstruction limited measurement data. However, efforts to validate the Techa River dose estimates using biological dosimetry do not suggest that there are any serious biases in the dose estimates (particularly under-estimation).
While all solid cancers as a group are of interest for the development of risk estimates for use in radiation protection, the comparison of site-specific cancer risks from the LSS to those seen in the MWC and TRC would be quite interesting. Unfortunately, since these Russian cohorts are considerably smaller and, especially in the case of the TRC, have lower doses than are seen for members of the LSS cohort, the power to assess site-specific risks in these cohorts is limited. These limitations were highlighted in Ref. (25) . Although it is beyond the scope of this short note, more detailed comparisons of temporal patterns of the ERRs for the different cohorts as well as comparisons of the patterns and levels of excess absolute rates are of interest. It would also be useful to use the risk models developed to describe these data to look more closely at differences in the nature of the effects of chronic and acute exposures.
Despite their limitations, the experience of the members of the MWC and TRC provides evidence of longterm effects of low-dose rate and, in the case of the TRC, low doses on solid cancer and leukemia risks. While these studies do not have the statistical power of the LSS, the findings are important and should play a role in the risk calculations used to inform the development of radiation protection standards. 
